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ABSTRACT 
To make t h e  b e s t  use of Airborne 
Vi s ib l e / In f r a red  Imaging Spectrometer ( A V I R I S )  data 
an i n v e s t i g a t o r  needs t o  know t h e  r a t i o  o f  s i g n a l  t o  
random v a r i a b i l i t y  o r  ' no i se '  (S/N r a t i o ) .  The 
s i g n a l  is land-cover dependent and dec reases  w i t h  
both wavelength and atmospheric abso rp t ion  and 
random n o i s e  comprises sensor  no i se  and i n t r a - p i x e l  
v a r i a b i l i t y .  The three e x i s t i n g  methods f o r  
e s t i m a t i n g  the S/N r a t i o  are inadequate  as  t y p i c a l  
' l a b o r a t o r y '  methods i n f l a t e ,  w h i l e  ' da rk  c u r r e n t '  
and 'image' methods d e f l a t e  t h e  S/N r a t i o .  
We propose a new procedure called the  
' g e o s t a t i s t i c a l '  method. It is  based on the  removal 
of  p e r i o d i c  no i se  by  'notch f i l t e r i n g '  i n  t he  
frequency domain and t h e  i s o l a t i o n  of  sensor  no i se  
and i n t r a - p i x e l  v a r i a b i l i t y  us ing  the  
semi-variogram. T h i s  procedure was app l i ed  eas i ly  
and success fu l ly  t o  f i v e  sets of  A V I R I S  data from 
t h e  1987 f l y i n g  season. 
INTRODUCTION 
To optimize t h e  use o f  Airborne Vi s ib l e / In f r a red  Imaging 
Spectrometer  ( A V I R I S )  data t h e r e  is a need t o  know the  random 
v a r i a b i l i t y  o r  'no ise '  a s soc ia t ed  w i t h  t h e  s e n s o r ' s  s i g n a l .  T h i s  
in format ion  is r equ i r ed  by the  user community, as spectral  zones of high 
and low noise w i l l  be common t o  each land-cover and by every 
i n v e s t i g a t o r ,  as noise  determines the  accuracy wi th  which abso rp t ion  
f e a t u r e s  can be d i s t ingu i shed  i n  t h e  s p e c t r a  and o b j e c t s  can be  detected 
on the  ground. Noise a lone  is  no t  a very  u s e f u l  measure, as a g iven  
l e v e l  of noise  w i l l  have a more d e l e t e r i o u s  e f f e c t  on data q u a l i t y  i f  
the  s i g n a l  is low, Therefore ,  t h e  s i g n a l  t o  n o i s e ,  (S/N) r a t i o ,  which 
can be est imated by t h e  r a t i o  of t h e  s i g n a l ' s  mean (3 t o  i t s  s tandard  
d e v i a t i o n  ( s ) ,  w i l l  be used here. 
the  
s i g n a l  and t h e  s i g n a l  decreases s h a r p l y  w i t h  both an i n c r e a s e  i n  
wavelength and a tmospheric  absorp t ion .  Consequently,  p l o t s  of S/N r a t i o  
ve r sus  wavelength w i l l  be similar i n  form to  s i g n a l  ve r sus  wavelength 
for each land-cover under i n v e s t i g a t i o n .  
The aim of t h e  work r epor t ed  here was t o  develop a procedure f o r  
e s t i m a t i n g  the per-waveband S/N r a t i o  of  A V I R I S  data. 
The major part of  t h e  no i se  i n  the  A V I R I S  s i g n a l  is a d d i t i v e  t o  
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ESTIMATING THE S/N R A T I O  OF A V I R I S  DATA 
AVIRlS data con ta in  pe r iod ic  (coherent)  sensor  no i se ,  t h a t  can be 
removed and random no i se  that cannot. The n o i s e  o f  re levance  t o  t h e  
i n v e s t i g a t o r  is random no i se :  t h e  random sensor  n o i s e ,  which is  image 
independent and i n t r a - p i x e l  v a r i a b i l i t y ,  which is' a r e s u l t  o f  s p a t i a l l y  
heterogeneous p i x e i  c o n t e n t s  and is image dependent. Unfor tuna te ly ,  
methods commonly used t o  es t imate  the  S/N r a t i o  o f  remotely sensed 
imagery (termed f o r  convenience ' l abo ra to ry , '  'dark c u r r e n t '  and 
:image') do not  i s o l a t e  t h i s  random n o i s e  f o r  t h e  i n v e s t i g a t o r  (Table 
1 ) .  
Tab le  1. Ex i s t ing  methods f o r  es t imat ing  t h e  S/N ra t io  of A V I R I S  data 
showing the l e v e l  o f  s i g n a l  and type  o f  n o i s e  t o  be estimated. 
A s  an i n v e s t i g a t o r ' s  spec t r a  can be free o f  p e r i o d i c  n o i s e  and 
i n t e r - p i x e l  v a r i a b i l i t y  a S/N r a t i o  is  requ i r ed  t h a t  con ta ins  
only  random sensor  noise  and i n t r a - p i x e l  v a r i a b i l i t y .  
Therefore ,  these three methods e i t h e r  underest imate  o r  
overes t imate  t h e  S/N r a t i o  requi red  by t h e  i n v e s t i g a t o r .  
Method S igna l  
l e v e l  
'Labor- Artif- 
a t o r y '  ic ia l ly  
h igh  
'Dark Natural 
c u r r e n t  
' Image Natural  
TY 
Pe r iod ic  
Sensor 
no i se  
3 of  no i se  
Random 
Sensor Intra- I n t e r -  
no ise  p ixe l  p i x e l  
var ia- va r  ia- 
b i l i t y  b i l i t y  
X 
X X 
X X X 
Estimated Two examples 
S/N r a t i o  from these 
i n  r e l a t i o n  proceedings 
t o  t h a t  
r equ i r ed  by 
i n v e s t i g a t o r  
Higher Vane 
Por t e r  
Lower Abrams and 
Carerre 
Vane and 
Green 
Lower Cone1 et &. 
Clark 
A t y p i c a l  ' l a b o r a t o r y ,  method uses t he  x and s of  a homogeneous 
su r face  w i t h  a high (e.g., 50%) albedo t o  estimate t h e  S/N r a t i o  f o r  
on ly  a few wavebands. The presence of p e r i o d i c  n o i s e  w i l l  decrease the 
measured S/N r a t i o  below t h a t  required by t h e  i n v e s t i g a t o r  (see above) 
but  t h i s  is  more than compensated by t h e  omission of  i n t r a - p i x e l  
v a r i a b i l i t y  and more impor tan t ly ,  by the  use o f  an a r t i f i c i a l l y  high 
s i g n a l .  A t y p i c a l  'dark  c u r r e n t '  method uses  v a r i a t i o n  (e.g., s)  i n  the  
s i g n a l  d a r k  c u r r e n t s  as a measure o f  no ise .  T h i s  va lue  inc ludes  
p e r i o d i c  no i se  which def la tes  t h e  S/N r a t i o  below t h a t  requi red  by t h e  
i n v e s t i g a t o r .  A t y p i c a l  'image' method uses  t h e  f and s of  f o u r ,  o r  
more, v i s u a l l y  homogeneous p i x e l s  as an estimate o f  t h e  S/N r a t i o .  The 
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resultant value is deflated below that required by the investigator, for 
it includes periodic noise (this could have been removed) and 
inter-pixel variability, which even on a visually homogeneous area can 
be around 2% of (Conel &a., 1987). 
To estimate the S/N ratio of the investigator's data a new procedure 
is proposed and this we have termed the 'geostatistical' method. 
THE 'GEOSTATISTICAL' METHOD FOR ESTIMATING THE S/N RAT10 
Following the removal of periodic noise there is a need to estimate 
random noise, free of inter-pixel variability (Table 1). We therefore 
require an estimate of variability at a pixel and a tool to do this is 
the semi-variogram (Curran, 1988). This is produced from a transect of 
pixels where the radiance z, at pixel number x along the transect has 
been extracted at regular intervals and where x = 1, 2, ..., n. The 
relation between a pair of pixels, h intervals apart (the lag distance) 
can be given by the variance of the differences between all such pairs. 
This value, the semi-variance y(h), for pixels at distance h apart is 
given by half the expectation E of their squared difference, 
2 
y(h) =1/2 E[~(~i)-z(xi+h)I (1 )  
Within the transect there will be m pairs of observations separated by 
the same lag, this is estimated by, 
m 2 3 =1/2m c [z(xi)-z(xi+h)l . 
-2 i=l 
S is an unbiased estimate of the semi-variance, y(h), in the population 
(Webster, 1985) and is a useful measure of the difference2 - between 
spatially separate pixels (Jupp &d., 1988). The larger S is and 
therefore y(h), the less similar the pixels will be. The semi-variogram 
is a plot of the function that relates semi-variance to lag (Fig. 1)  
and is described in Webster (1985) and Curran (1988). Three aspects of 
the semi-variogram are of interest here: ( s )  sill, the asymptotic 
upperbound value of y(h); (Co) nugget variance, the limit of y(h) when h 
approaches 0 and (C) spatially dependent structural variance, the sill 
minus nugget variance. By definition y(h)=O when h=O (Journal and 
Huijbregts, 1978), in practice however the limit of y(h) when h 
approaches 0 is positive because the nugget variance represents 
variability at scales smaller than a pixel. 
The nugget variance is a sound estimate of spatially independent 
image noise at the scale of a pixel as it comprises random sensor noise 
and intra-pixel variability. The square root of this variance can be 
used to estimate the standard deviation of the random noise and thereby 
the S/N ratio of AVIRIS data, 
- 
S/N ratio c x / G .  (3) 
The assumptions underlying the use of nugget Variance as an estimate 
of random noise are summarized in Table 2. 
38 
1.2 
0.61 pm -------- 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
LAG, h, pixels 
Fig. 1. Semi-variograms f o r  three wavebands of A V I R I S  data recorded 
f o r  a p l a n t a t i o n  f o r e s t  near Ga inesv i l l e ,  F lo r ida  ( T a b l e  3 ) .  
Table 2. Assumptions i n  t h e  use o f  nugget va r i ance  as an estimate of  
random no i se  (random sensor  no i se  and i n t r a - p i x e l  v a r i a b i l i t y )  
i n  A V I R I S  data. 
Assumption Explanation o r  reason Comments on assumptions i n  
r e l a t i o n  t o  A V I R I S  data 
S t a t i o n a r i t y  S p a t i a l  dependence of General ly  t r u e  wi th in  a land  
Is0 t r o p y  
Fixed s p a t i a l  
r e s o l u t i o n  
Scene does no t  
con ta in  random 
information.  
Nugget va r i ance  
is independent 
of s p a t i a l l y  
dependent 
s t r u c t u r a l  
va r i ance .  
p i x e l s  i s  a func t ion  of 
lag and not  loca t ion .  
Nugget var iance  is  
independent o f  t r a n s e c t  
d i r e c t i o n .  
I n t r a - p i x e l  v a r i a b i l i t y  
and t h e r e f o r e  nugget 
va r i ance  is dependent 
upon s p a t i a l  reso lu t ion .  
Random f e a t u r e s  i n  scene 
i n c r e a s e  nugget var iance 
and could con ta in  
informat  ion.  
L i m i t  of  y (h)  when h 
approaches 0 has minor 
dependence upon the  s lope  
of t h e  semi-variogram. 
cover.  
Untrue, due t o  ga in  and o f f s e t  
v a r i a b i l i t y  t h e r e f o r e  use row 
o r  column t r a n s e c t s .  
True. 
General ly  t r u e  bu t  need t o  
check. 
Untrue, but  point-spread- 
func t ion  o f  s enso r  ensures  
t h a t  y (h )  when h approaches 
0 is similar t o  t h a t  a t  small 
l a g s  and so t h e  effect  of  
t h i s  v i o l a t i o n  is  minimal. 
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THE 'GEOSTATISTICAL' METHOD FOR ESTIMATING THE S/N R A T I O  OF A V I R I S  DATA 
Applicat ion of  t h e  ' g e o s t a t i s t i c a l '  method involved two stages, 
first,  data s e l e c t i o n  and preprocess ing  and second, e s t i m a t i o n  o f  t h e  
S/N r a t i o  fo r  each waveband of  A V I R I S  data. 
S e l e c t i o n  and DreDrocessinR of  AVIRIS data  
Five A V I R I S  data sets  were s e l e c t e d  (Table  3 ) .  They were recorded 
around s o l a r  noon, over  a wide range of  dates and land-covers.  A l l  data 
were converted from grey l e v e l s  t o  rad iance  and r a d i o m e t r i c a l l y  
calibrated a t  J P L  (Vane e t  a l . ,  1987) and on r e c e i p t  dropped scan  l i n e s  
were replaced wi th  t h e  means o f  ad jacen t  l i n e s .  
Table  3 .  A V I R I S  data f o r  which t h e  S/N r a t i o  was estimated. 
Locat i on  Land-cover Date o f  data T i m e  o f  data 
of  i n t e r e s t  a c q u i s i t i o n  a c q u i s i t i o n  
(1987) ( s t a r t ,  h r s . )  
Mountain View, Sediment-laden 25 June 12:40 
C a l i f o r n i a  water 
Ga inesv i l l e ,  P l a n t a t i o n  4 J u l y  
F lo r ida  f o r e s t  
Yuba C i ty ,  Bare s o i l  30 J u l y  
C a l i f o r n i a  
11 :49 
12:49 
Metol ius ,  Semi-natural  1 August 11:14 
Oregon f o r e s t  
Cupr i t e ,  Bare s o i l  14 September 11:14 
Nevada 
The 1987 A V I R I S  data contained cons ide rab le  p e r i o d i c  n o i s e ,  produced 
by the  inadver ten t  coupl ing of t he  image s i g n a l  wi th  e lectr ical  and 
mechanical s i g n a l s .  T h i s  n o i s e  was dominated by f r equenc ie s  around two 
p i x e l s  per cycle and increased  i n  s e v e r i t y  as the  season progressed 
(F ig .  2) .  The major p e r i o d i c  no i se  f r equenc ie s  were removed by 'notch 
f i l t e r i n g '  i n  t h e  frequency domain of  t h e  image (similar t o  Hlavka, 
1986) (Table  4 ,  f o r  method). By comparison w i t h  p r e f i l t e r e d  s p e c t r a  
t h i s  removal of  major p e r i o d i c  no i se  made no d i f f e r e n c e  t o  t h e  r e l a t i v e  
radiometry and by comparison wi th  p r e f i l t e r e d  semi-var iogrms it  reduced 
considerably t h e  s p a t i a l l y  dependent s t r u c t u r a l  va r i ance  ( C )  . The 
v i s u a l  e f f e c t s  o f  such f i l t e r i n g  are i l l u s t r a t e d  i n  Figs .  3 t o  7 f o r  
t h e  waveband centered  a t  1.018 p. The success  o f  t h i s  p reprocess ing  
was a t t r i b u t e d  t o :  (i) c l a r i t y  of the n o i s e ,  e s p e c i a l l y  from 0.68 t o  
1 . 2 7 ~  (a  r e s u l t  of  low g a i n )  and 1.84-2.40 )xu (a r e s u l t  o f  low S i g n a l ) ;  
(ii) c l a r i t y  of the  major pe r iod ic  no i se  s p i k e s  i n  the  v e r t i c a l  
component of t h e  frequency domain; (iii) spectrometer-independence o f  
t he  major pe r iod ic  n o i s e  f requencies  and ( i v )  r e l a t i v e l y  homogeneous 
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sub-scenes w i t h  l i t t l e  chance of  ' r ing ing '  ( c r e n u l a t e d  t o n a l  boundaries)  
i n  t he  f i l t e red  images (Moik, 1980). 
LEFT TO RIGHT FREQUENCY IN RIGHT TO LEFT FREQUENCY IN  
SPATIAL DOMAIN, pixels cycle-l SPATIAL DOMAIN, pixels cycle-1 
NUMBER OF MAJOR 
PERIODIC NOISE 
DATA SET SOURCES 
0 MOUNTAIN VIEW, CA 4 
0 GAINESVILLE, FL 4 
0 YUBA CITY, CA 5 
0 METOLIUS, OR 11 
A CUPRITE,NV 13 
Fig.  2. The major t ypes  of per iodic  n o i s e  observed i n  f i v e  sets of  
A V I R I S  data (Table 3 ) .  The n o i s e  c h a r a c t e r i s t i c s  were 
determined from t h e  loca t ion  of  major p e r i o d i c  no i se  s p i k e s  i n  
t h e  frequency domain. 
Tab le  4 .  Removing the  major per iodic  n o i s e  i n  A V I R I S  data.  
Stage Procedure 
1 Select 256 x 256 p i x e l  sub-scene i n  one waveband. 
2 Use fast  Four i e r  t ransform t o  c r e a t e  a frequency domain image; 
major p e r i o d i c  no i se  appears as a series of  s p i k e s ,  each 
r e p r e s e n t i n g  energy concent ra t ion  a t  a s p e c i f i c  frequency. 
3 Design a 'no tch  f i l t e r ' ,  0's r e p r e s e n t  t h e  l o c a t i o n  of major 
p e r i o d i c  no i se  s p i k e s  and 1 ' s  r e p r e s e n t  t h e  remainder; m u l t i p l y  by 
f requency  domain image t o  c rea t e  a new frequency domain image 
wi thout  major p e r i o d i c  n o i s e  s p i k e s .  
4 I n v e r t  f i l t e r ed  frequency domain image t o  c r e a t e  spa t ia l  domain 
image w i t h  no major p e r i o d i c  noise .  
5 Repeat 4 on selected wavebands from each spec t rometer .  Define 
spectrometer- independent  notch f i l t e r  and use t o  f i l t e r  a l l  A V I R I S  
wavebands. 
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Estimating the S/N ratio for each data 
The procedure for estimating the S/N ratio for each waveband of 
A V I R I S  data is given in Table 5 and the results in Figs. 3 to 7. A s  
was noted in the introduction, noise varies little with wavelength but 
the signal drops sharply with both an increase in wavelength and 
atmospheric absorption. A s  a result the first-order forms of the S/N 
ratio plots (Figs. 3 to 7) were signal dependent. The spectral zones 
of very high S/N ratio were greedred (0.50-0.7Opm) for water and soil 
and near infrared (0.95-1.10pm) for vegetation. The spectral zones of 
high S/N ratio were blue for water and soil (0.40-0.50pm), greedred 
(0.50-0.7Oj.m) for vegetation and near infrared (0.85-0.90, 0.95-1.10jm) 
for vegetation and soil respectively. The spectral zones of medium S/N 
ratio were blue (0.40-0.50mn) for vegetation and the near infrared 
regions (0.70-0.85pn) for water and vegetation, (0.85-0.95~1) for water 
and soil, (0.90-0.95p) for vegetation and (0.95-1.10~) for water. The 
regions of low and very low S/N ratio were near and middle infrared 
wavelengths in zones of low signal, either at long wavelengths or in 
atmospheric absorption bands. These spectral zones of S/N ratio are a 
useful summary of the utility of specific A V I R I S  wavelengths from the 
1987 flight season. Of more importance is the potential use of the 
'geostatistical' method by individual investigators to plan for the 
restrictions that random noise places on the analysis of A V I R I S  data. 
Table 5. Estimating the S/N ratio in A V I R I S  data. 
Stage Procedure 
1 Locate three row transects within a land-cover, each transect 
75-100 pixels long to ensure that the statistically significant 
first fifth of the semi-variogram is at least 15 lags. 
2 Calculate the mean signal (x) and semi-variogram for each waveband. 
3 Determine the nugget variance (Co) by extrapolating the slope of 
y(h)/h for each waveband, (Here the extrapolation was based on a 
linear fit over 8 lags, Fig. I>. 
4 Plot y/6versus wavelength and x (with a ,6 envelope) versus 
wavelength as two representations of the S/N ratio (Figs. 3 to 7) .  
CONCLUSIONS 
A new prodedure, that we have called the 'geostatistical' method, 
was used to estimate the S/N ratio of five sets of A V I R I S  data. This 
method was designed around the needs of the A V I R I S  investigator and has 
the following advantages: (i) it estimates only noise that is relevant 
to the investigator, unlike the existing 'laboratory,' 'dark current' 
and 'image' methods, (ii) it requires acceptable assumptions and (iii) 
is easy to apply. 
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Removal of major p e r i o d i c  no i se  
Represen ta t ions  o f  the  S/N r a t i o  
WAVELENGTH, 
F i g .  3. Est imat ing t h e  S/N r a t i o  f o r  sediment-laden water i n  the  
A V I R I S  data of Mountain V i e w ,  C a l i f o r n i a  (Table  3) .  Above: 
removal o f  major p e r i o d i c  noise  by 'notch f i l t e r i n g '  i n  t h e  
frequency domain. Below: ( a >  t h e  S/N r a t i o  v e r s u s  wavelength 
and ( b )  t he  s i g n a l ,  wi th  noise envelope, ve r sus  wavelength f o r  
three image t r a n s e c t s .  
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Removal of major periodic noise 
ORIGINAL PAGE 
Bm@( AND WHITE PHOTOGRAPH 
Representations of the S/N ratio 
0 
1.6 I I 
L 
1.2 
c 
(b' i 
2.36 
0 
.4 .79 1.18 1.58 1.97 
WAVELENGTH, pm 
Fig. 4. Estimating the S/N ratio for a plantation forest in the AVIRIS 
data of Gainesville, Florida (Table 3 ) .  Above: removal Of 
major periodic noise by 'notch filtering' in the frequency 
domain. Below: (a) the S/N ratio versus wavelength and (b) 
the signal, with noise envelope, versus wavelength for three 
image transects. 
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Removal of major p e r i o d i c  n o i s e  
Represen ta t ions  of t h e  S/N r a t i o  
400 4 ‘ I  
.4 .79 1.18 1.58 1.97 2.36 
WAVELENGTH, pm 
F i g .  5. Est imat ing the  S/N r a t i o  f o r  bare s o i l  i n  t h e  A V I R I S  data of 
Yuba C i t y ,  C a l i f o r n i a  (Tab le  3 ) .  Above: removal o f  major 
p e r i o d i c  n o i s e  by ‘notch f i l t e r i n g ’  i n  t h e  frequency domain. 
Below: ( a )  the  S/N r a t i o  ve r sus  wavelength and (b) t h e  
s i g n a l ,  w i t h  no i se  envelope, ve r sus  wavelength f o r  three image 
t r a n s e c t s .  
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Removal o f  major p e r i o d i c  no i se  
Representat ions of t h e  S/N r a t i o  
WAVELENGTH, p n  
Fig.  6.  Estimating t h e  S/N r a t i o  f o r  semi-natural  f o r e s t  i n  t h e  AVIRIS 
data  of Metol ius ,  Oregon (Tab le  3 ) .  Above: removal of major 
per iodic  no i se  by 'notch f i l t e r i n g '  i n  t he  frequency domain. 
Below: ( a )  the  S/N r a t i o  ve r sus  wavelength and ( b )  t h e  
s i g n a l ,  w i t h  n o i s e  envelope ve r sus  wavelength f o r  three image 
t r a n s e c t s .  
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ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAPH 
Representations of the S/N ratio 
.4 .79 1.18 1.58 1.97 2.36 
WAVELENGTH, pm 
Fig. 7. Estimating the S/N ratio for bare soil in the AVlRIS data of 
Cuprite, Nevada (Table 3). Above: removal of major periodic 
noise by 'notch filtering' a fast Fourier transform. Below: 
(a) the S/N ratio versus wavelength and (b) the signal, with 
noise envelope, versus wavelength for three image transects. 
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